Moving air-water interfaces (AWI) are ubiquitous in soil, such as during imbibition and drainage. A confocal microscope was used to directly visualize moving AWIs in a model unsaturated system. Images derived were used to characterize the role of the AWI in colloid retention and mobilization in unsaturated porous media.
Pore-Scale Investigation of Colloid Retention and Mobilization in the Presence of a Moving Air-Water Interface
A review of current literature shows that considerable uncertainty exists concerning the role of the air-water interface (AWI) in colloid transport in unsaturated porous media. This study aimed to elucidate the mechanisms of colloid mobilization and retention at the AWI in a model dynamic system at the pore scale. The behavior of carboxylate-modified colloids during drainage and imbibition in a microfluidic channel was visualized with a confocal microscope. We found that dispersed hydrophilic colloids did not attach to the AWI under the investigated low ionic strength conditions, while colloids previously attached to the channel walls were mobilized by the contact line, retained at the AWI due to capillary forces, and thus were further transported. The study provides direct experimental evidence on the mechanisms by which colloid attachment to the AWI occurs and emphasizes the involvement of the moving contact line and AWI in colloid mobilization and transport in unsaturated porous media.
Abbreviations: AWI, air-water interface; DLVO, Derjaguin-Landau-Verwey-Overbeek; PMMA, poly(methyl methacrylate).
Colloid transport in soil porous media has been drawing considerable scientific attention due to potentially enhanced transport of contaminants associated with mobile colloids (McCarthy and Zachara, 1989; Saiers and Ryan, 2006; Sen and Khilar, 2006) . The interest in colloid transport is intensified by the importance of understanding and predicting microorganism and nanoparticle transport in natural porous media (Jin and Flury, 2002; Ginn et al., 2002; Wiesner et al., 2006) . Unsaturated porous media are more complex than saturated porous media due to the presence of the air phase, complicating the flow regime and adding colloid retention sites at the AWI and contact line (where the AWI and the solid meet). The AWI may increase or decrease colloid transport, e.g., by serving as a colloid carrier (e.g., Goldenberg et al., 1989; or by acting as a dynamic physical barrier (Auset et al., 2005) . While some researchers have reported that dispersed colloids deposit on the contact line during AWI movement (e.g., Crist et al., 2005; Lazouskaya and Jin, 2008) , others have emphasized the role of a moving (i.e., nonstationary) AWI in mobilizing colloids from the surfaces of porous media (e.g., Cheng and Saiers, 2009; Bridge et al., 2009) . Despite recent progress, conceptual disagreements on retention mechanisms at the AWI remain (Wan and Tokunaga, 1997; Crist et al., 2004 Crist et al., , 2005 Wan and Tokunaga, 2005; Steenhuis et al., 2005) , which stem from distinguishing colloid retention mechanisms at the AWI and contact line. Therefore, the occurrence of multiple processes involving colloids and the presence and movement of the AWI requires further evaluation. Moreover, it appears that retention of colloids at the AWI and contact line are closely related and therefore need to be jointly evaluated.
The dynamic nature of soil processes implies the need to consider hydrodynamic processes. For example, it has been shown that physicochemical and hydrodynamic processes are coupled in governing colloid behavior in porous media (Yao et al., 1971; Rajagopalan and Tien, 1976; Johnson et al., 2007; Torkzaban et al., 2007 Torkzaban et al., , 2008 , with hydrodynamic effects dominating bulk transport and physicochemical effects controlling the interactions of colloids with the interfaces (e.g., the solid-water interface, the AWI, and the contact line). Due to the complexity of colloid transport and retention processes in soil, a considerable portion of colloid transport research has been conducted using pore-scale systems allowing direct visualization of colloid transport and retention (Ochiai et al., 2006) . To date, most pore-scale and micromodel studies have focused predominantly on colloid In pore-scale studies focusing on unsaturated colloid transport, the air phase was introduced in a number of ways: as mobile and trapped air bubbles Wilson, 1992, 1994; Sirivithayapakorn and Keller, 2003b; Chen and Flury, 2005; Gao et al., 2006) , by using open systems (Crist et al., 2004 Zevi et al., 2005; Lazouskaya et al., 2006; Lazouskaya and Jin, 2008) , and by using two-phase flows (Wan and Wilson, 1993; Lazouskaya and Jin, 2008 ; this study). The different geometries and hydrodynamics of each system were designed to model different AWI configurations in unsaturated porous media. Perhaps due in part to the lack of consistent experimental protocols or the different emphases placed in different studies, a complete understanding of colloid retention at the AWI is pending. For example, while some researchers observed stable retention of colloids at the AWI (e.g., Gao et al., 2006) , others questioned such retention (e.g., Chen and Flury, 2005; Lazouskaya and Jin, 2008) .
In addition to retention of dispersed colloids, interactions of in situ or attached colloids with a moving AWI and consequent mobilization due to capillary forces have been of considerable interest in the colloid transport literature (e.g., El-Farhan et al., 2000; Zhuang et al., 2007; Shang et al., 2008 Shang et al., , 2009 Sharma et al., 2008a,b; Cheng and Saiers, 2009; Bridge et al., 2009) . Several field and laboratory column studies have shown that colloid mobilization occurs during both drainage and imbibition events and depends on the irrigation pattern (e.g., flow rate and number of AWI passages) (El-Farhan et al., 2000; Zhuang et al., 2007; Shang et al., 2008) . Extensive research investigating colloid removal by an AWI from surfaces (Leenaars and O'Brien, 1989; Noordmans et al., 1997; Gómez Suárez et al., 1999a ,b, 2001a Sharma et al., 2008b) provides valuable information on parameters that define colloid mobilization; however, direct colloid-scale observation of this process has not been reported. Moreover, many discussions on colloid mobilization have emphasized the role of the AWI, but failed to point out that mobilization in fact takes place on the contact line. Therefore, we propose to use the term front, which includes the action of both the AWI and contact line in colloid mobilization.
The problem of a moving contact line has been extensively discussed in the mathematics and engineering literature (e.g., Pomeau, 2002; Shikhmurzaev, 2006; Fuentes and Cerro, 2007) . Numerous theoretical and experimental studies of hydrodynamics in the contact line region and on two-phase flow in circular and square capillaries have been conducted (e.g., Hoffman, 1975; Dussan, 1977; Mumley et al., 1986a,b; Ichikawa et al., 1994; Taha and Cui, 2006) . Karnis and Mason (1967) and Yamaguchi et al. (2009) observed the movement of particles near the AWI during two-phase flow in circular tubes and reported accumulation of particles close to the AWI, which was attributed to hydrodynamic interactions. To the best of our knowledge, however, more specific interactions of colloid-size particles (<10 mm) in such systems, especially at the microscopic scale, have not been systematically studied.
In this study, we used a microfluidic channel with an angular (trapezoidal) cross-section to represent a soil capillary (Lazouskaya and Jin, 2008) . A moving AWI was created as the phase boundary of two-phase flow in the channel and visualized with a confocal microscope. With this system, we aimed to investigate colloid behavior in the vicinity of a moving AWI and contact line. Both advancing and receding AWIs and contact lines (corresponding to imbibition and drainage fronts, respectively) were considered, and additional emphasis was placed on evaluating the flow field in the interfacial regions and its role in colloid retention and mobilization. In addition, through direct observation, information on the occurrence and interplay of several concurrent mechanisms involving both dispersed and attached colloids was obtained.
Materials and Methods
We used yellow-green fluorescent carboxylate-modified polystyrene microspheres, which have an average diameter of 500 nm and a particle density of 1055 kg m −3 (F8813, Molecular Probes, Eugene, OR). All colloid suspensions were prepared by dispersing the microspheres in deionized (DI) water to final concentrations of 2 and 4 mg L −1 , or 2.9 ´ 10 7 and 5.8 ´ 10 7 particles mL −1 , respectively (4 mg L −1 was used in some experiments to observe more colloids in the images). The colloid zeta potential in DI water (at pH = 5.4 and ionic strength of 1.5 ´ 10 −6 mol L −1 ) was measured as −65.6 ± 2.3 mV using a Zetasizer Nano ZS (Malvern Instruments, Westborough, MA). Hückel's approximation was used to determine the zeta potential. This approach is more applicable to colloids with thick electric double layers at the low ionic strength of DI water than the commonly used Smoluchowski's approximation (Ross and Morrison, 1988) . According to the classification of Petkov and Denkov (2002) , which divides particles into hydrophilic (colloid contact angle q < 30°), partially hydrophobic (30° < q < 90°), and hydrophobic (q > 90°), carboxylate-modified colloids are characterized as hydrophilic. We selected these experimental conditions (i.e., low ionic strength, hydrophilic colloids at low concentration) to assess the effect of a flow field on colloid retention in the two-phase flow system, building on our previous study that focused on the effects of solution ionic strength and surface tension on colloid retention at the AWI (Lazouskaya and Jin, 2008) . The small size and low concentration of colloids were chosen to ensure that the gravity effect was negligible and that the presence of the particles had minimal effect on the flow field.
The microf luidic channels (Microf luidic ChipShop, Jena, Germany) used in this study were made of poly(methyl methacrylate) (PMMA) and with a trapezoidal cross-section (with base widths of 42 and 70 mm and height or depth of 20 mm). The length of the channels was 85 mm. The acute angle of the trapezoidal cross-section was 54.7° as shown in Fig. 1A (right) . The channels are viewed as angular enclosed capillary tubes. The PMMA is partially hydrophobic, with a static contact angle of ?72° and receding and advancing contact angles of 53 and 79°, respectively (Erbil et al., 1999; Lim et al., 2001; Kaczmarek and Chaberska, 2006) . We acknowledge that the high-contactangle channel material of our model setup is not representative of most natural soil materials, although natural systems exhibit great variability and such contact angles have been reported (e.g., Klitzke and Lang, 2007) .
Microscopic observations were made through the optically transparent PMMA base (70 mm) of the channel. The dilute (2 or 4 mg L −1 ) colloid suspension was pumped through the channel with a syringe pump (PHD 22/2000, Harvard Apparatus, Holliston, MA), and concurrent observation of colloid behavior at the point of interest was made with a confocal microscope (Carl Zeiss Axiovert 200M equipped with LSM 510, Oberkochen, Germany) using a 10´ magnification lens. To observe colloid behavior in the interfacial regions, an AWI was created by pumping colloid suspension into an empty (dry) channel and establishing a liquid front. The syringe pump was operated in both infusing and withdrawing modes, thus creating two AWI regimes: liquid phase displacing air phase (imbibition front or advancing AWI and contact line) and air phase displacing liquid phase (drainage front or receding AWI and contact line). Sample confocal images of the imbibition and drainage fronts in the channel are shown in Fig. 1 . A notable difference between the two regimes is the presence of residual saturation in the channel corners following movement of the drainage front, which is shown schematically in the cross-section in Fig. 1B . The range of flow rates used at different stages of the experiment was from 0 (with the pump stopped) to 0.05 mL h −1 (during initial delivery of the colloid suspension to the channel). Most images were recorded at AWI velocities from 5 ´ 10 −6 to 1.3 ´ 10 −5 m s −1 (equivalent to flow rates of 2 ´ 10 −5 and 5.2 ´ 10 −5 mL h −1 , respectively). The velocity of 10 −5 m s −1 was used as a typical value in calculations. The duration of the experimental observation was between 1 and 3 h.
Images were recorded at a speed of 2 frames s −1 with a resolution of 1024 by 130 pixels. Using confocal integrated software (Zeiss LSM) and the advanced imaging software Volocity 3.0.1 (Improvision Inc., Shelton, CT), images were processed to quantify front and colloid velocities, to obtain qualitative information on colloid behavior, and to perform particle tracking. Colloid locations in the z direction, which is perpendicular to the observation, could not be precisely resolved because of the relatively thick imaging optical section (6-7 mm). Due to this limitation and the shallow channel depth (20 mm) compared with its length and width ( Fig.  1 ), colloid movement in the channel was approximated and treated as two-dimensional. This did not preclude us from distinguishing colloids retained at the AWI from those on the contact line, however, because colloids could be distinguished (i) by the character of their movement because colloids at the AWI were susceptible to Brownian motion while colloids on the contact line were not, and (ii) to a lesser extent by their brightness and overall appearance. Additional information on the optical characteristics of the microscope setup and image acquisition and processing can be found in Lazouskaya et al. (2006) and Lazouskaya and Jin (2008) .
During the experiments, colloids both dispersed and attached to the wall were observed. Therefore, all experimental observations were divided into three groups and are considered separately in subsequent discussions: (i) observations of the flow field, (ii) interactions of dispersed colloids with the moving front, and (iii) interactions of attached colloids with the moving front.
Results and Discussion

Observation and Simulation of Flow Field in the Microfluidic Channel
To observe the flow field pattern in the microfluidic channel, we assumed that colloids act as tracer particles, which is valid for colloids not affected by interfacial interactions with the AWI, channel walls, or other colloids. The bulk aqueous flow in the channel was observed at some distance from the AWI (e.g., ?400 mm at a front velocity of 10 −5 m s −1 ) and was found to resemble laminar flow with a quasi-parabolic velocity profile; however, the flow field in the vicinity of the AWI was complex. To capture the movement of colloids and the AWI in the same image, the motion of colloids relative to the AWI (as opposed to motion relative to the channel wall) was considered. This representation has been broadly used in previous two-phase flow studies (e.g., Karnis and Mason, 1967; Dussan, 1977; Shen and Udell, 1985; Yamaguchi et al., 2009) . Colloid velocity relative to the AWI was determined as the difference between the absolute colloid velocity (relative to the channel wall) and the AWI velocity.
The observed flow fields, constructed using these relative colloid velocities, for both imbibition and drainage fronts are shown schematically in Fig. 2 . As shown, when a colloid approaches the AWI, the direction of its movement relative to the AWI changes due to transition from a far-field quasi-parabolic velocity profile to a nearly uniform velocity profile at the AWI (because of the constant velocity of the AWI). Similar flow patterns have been reported for two-phase flows in larger circular capillaries (e.g., Karnis and Mason, 1967; Dussan, 1977; Ichikawa et al., 1994; Yamaguchi et al., 2009) . At lower front velocities, some colloids exhibited random movement and variations in their paths, probably due to Brownian motion, which is notable for the relatively small (500-nm) colloids used in this study. (Additional information on flow patterns for imbibition and drainage fronts can be found in Supplemental Movie 1 and Movie 2, where particle tracking was implemented with Volocity 3.0.1 to visually emphasize the complexity of flow in the vicinity of the AWI).
Simulation of the flow field near a moving AWI and contact line in a two-dimensional channel was performed by Shi et al. (2010) using the multiphase lattice-Boltzmann method of Kang et al. (2004) . The simulated flow patterns relative to the moving AWI were consistent with the colloid trajectories observed in the experiments (Fig.  2) . For the imbibition front, the relative flow was directed toward the AWI near the center of the channel, but moved away from the AWI near the wall. The opposite was found for the drainage front, where the relative flow near the center moved away from the AWI and into the AWI near the wall. The simulations provided additional details on flow near the AWI and contact line: a stronger transverse flow affecting colloid trajectories was seen for the drainage front than the imbibition front due to a higher front inclination for the former. This transverse flow could generate an enhanced hydrodynamic drag and lift normal to the channel wall and help mobilize previously attached colloids when the drainage front is passing through. This scenario is discussed in more detail below.
Interactions of Dispersed Colloids with Moving Front
Observation of Colloid Movement and Retention
Colloids were observed to closely approach the AWI for both drainage and imbibition fronts at different front velocities, thus creating conditions for colloidal and hydrodynamic interactions with the AWI. At low front velocities, advection of colloids toward the AWI was reduced and occurred due to Brownian motion. At faster front velocities, colloids approached the AWI following the streamlines, shown schematically in Fig. 2 , and slid along the AWI before they returned to the bulk solution.
The duration of colloid sliding along an imbibition front varied from 0.5 to 12 s, which was attributed to different flow paths that the colloids followed. For a drainage front, colloid sliding times could not be precisely determined due to frequent advection of the colloids into corner regions (Fig. 2B) . Some colloids were observed to reside close to the AWI, probably due to their diminished relative velocities with respect to the AWI (e.g., at convergence or stagnation points; Yamaguchi et al., 2009; Shi et al., 2010) . The permanent retention of dispersed colloids at the AWI was not observed for either drainage or imbibition front. This is consistent with the net repulsive interactions between colloids and the AWI under current experimental surface and solution chemistry conditions (Lazouskaya and Jin, 2008) .
The presence of residual saturation in the corners following passage of a drainage front allows flow and consequently colloid movement into the corners where colloids move in the direction opposite to the front movement (Fig. 2B) . Figure 3 presents an image of a drainage front and a schematic cross-section of the corner; because the exact colloid position in the corner could not be resolved, several possible locations are shown. Most colloids trapped in the corners moved in the bulk residual water (Fig. 3, Position 3) . A few also moved in the same direction with the drainage front (Supplemental Movie 3); these colloids were transported either with the AWI of the corner (Fig. 3, Position 2) or on the contact line along the channel wall (Fig. 3, Position 1 ) and resembled the previously observed reverse flow at the AWI (Lazouskaya et al., 2006) . Direct retention of dispersed colloids at the vertex of the corner, although uncommon, was also observed (Fig. 3, Position  4) . Such retention is random and could be attributed to wedging (Johnson et al., 2007) . Some colloids retained at the vertex were previously retained on the channel wall and were pushed to the corners with the drainage front.
In addition to the AWI, the contact line is another site for potential colloid retention. For a drainage front, corners with residual saturation provide additional regions where colloids are carried with the flow. For an imbibition front, such residual saturation was absent and the contact line in the corner was a preferred location for retention at low front velocities. Colloids moved along the AWI to the contact line, where retention was facilitated by colloid interactions with the solid surface and by film straining (Wan and Tokunaga, 1997) . At higher front velocities, however, colloids were diverted from such retention following the streamlines shown in Fig. 2 .
Although experimental observations suggest that the hydrodynamic f low pattern plays an imperative role in colloid behavior close to the AWI, colloid forces cannot be ignored and are discussed below, providing a more complete depiction of interactions between dispersed colloids and the AWI.
Equation of Colloid Motion
The problem of particle capture on spherical or cylindrical solid collectors has been extensively discussed in the literature (e.g., Spielman and Goren, 1970; Yao et al., 1971; Spielman, 1977; Schulze, 1984) . In this work, the AWI played the role of a collector and, similarly to Nalaskowski et al. (2002) , was treated as a solid surface. The problem is additionally complicated with the fact that the AWI is moving. Colloids located in the channel center move in the same direction as the front, which implies that colloid velocities relative to the AWI are smaller than their absolute velocities. Therefore, the relative motion of colloids with respect to the AWI has to be considered.
The equation of motion for a colloid approaching an AWI includes net gravity force, the force of Brownian motion, colloid forces between a particle and the AWI, and hydrodynamic drag force (a detailed description of the forces is provided in the Appendix). These forces calculated using the parameters in Table 1 are plotted in Fig. 4 . The figure illustrates the relative magnitudes of the forces as a function of the dimensionless separation distance H = h/r between the colloids and the AWI, where h is separation distance and r is colloid radius. Adopting the convention used in energy calculations, positive and negative signs of a force indicate repulsion and attraction, respectively. As can be inferred from Fig. 4 , most of the forces (with the exception of the randomly directed force of Brownian motion) acting between the colloids and the AWI under the conditions defined in this study are repulsive.
The drag force in Fig. 4 acts on a colloid as it approaches the AWI due to the difference in fluid and colloid velocities and the wall effect (here, the AWI). The drag force acts as a repulsive force because it opposes colloid motion toward the AWI. Although the drag force appears to be long range in the graph, it is expected to be insignificant (e.g., compared with the force of Brownian motion) at a distance of H = 2 to 3 (Goren and O'Neill, 1971) . The drag force acting on a colloid close to the AWI can be also attractive when a colloid is moving away from the AWI, but that scenario was not considered in Fig. 4 .
The Peclet number (Pe) provides information on the relative importance of convection and diffusion (Lenhart and Saiers, 2002) and is defined as Pe = rv/D 0 , with D 0 = kT/6pmr, where v is the colloid velocity, D 0 is the diffusion coefficient, k is the Boltzmann constant, T is temperature, and m is the viscosity. The small Peclet number (Pe = 2.5) points to the importance of Brownian motion, which can be effective in driving a colloid toward the AWI.
Whether colloid attachment to an AWI occurs, however, will be determined by the action of colloid forces.
The resulting colloid force under current conditions (hydrophilic colloids and low ionic strength) is repulsive because hydrophobic force does not make a considerable contribution (Lazouskaya and Jin, 2008) . Therefore, the retention of dispersed colloids at the AWI is unlikely, and the temporary presence of colloids close to the AWI, reported above, was due to either the action of Brownian motion, flow streamlines in the tangential direction (with less hydrodynamic resistance, as indicated in the Appendix), or the existence of flow stagnation regions (Yamaguchi et al., 2009; Shi et al., 2010) . Therefore, knowledge of flow fields in interfacial regions together with an analysis of physicochemical interactions is essential for providing a more complete understanding of colloid behavior close to the AWI.
Interactions of Attached Colloids with Moving Front
Apart from dispersed colloids, colloids attached to the channel walls, AWI, and contact line were present. Most colloids found on channel walls were deposited from the bulk suspension, but some were previously retained and then detached from the contact line. As described above, stable retention of dispersed colloids at the AWI is unlikely. Nevertheless, colloids already retained at the AWI were clearly observed in the experiments, suggesting that they originated not as dispersed colloids from the bulk phase but as a result of mobilization of previously attached colloids from the channel wall. This is true for both drainage and imbibition fronts.
After passage of a moving front, several cases of attached colloids were observed, including those (i) mobilized by the contact line and then transported with the AWI (as illustrated in Supplemental Movie 4); (ii) shifted with the front toward the corner region (e.g., moved with the contact line along the wall, as indicated with the white arrow in Fig. 3 , and upon the front passage held in Position 1 ,  Fig. 3 ); (iii) mobilized back into the bulk solution after interacting with the front; and (iv) unaffected on the wall. As the front passes, the behavior of attached colloids is determined by the force balance between colloid, channel wall, and AWI interactions. Depending on the colloid location and attachment conditions, which exhibit a broad distribution at the colloid scale, all of the cases outlined above were observed.
Mechanism of Colloid Mobilization
To explain the observations and differences between mobilizing and shifting the attached colloids by the front (Cases i and ii listed above), the major forces acting on a colloid on the contact line were considered. The positions of colloids relative to the AWI and contact line are shown schematically in Fig. 5 : for the drainage front (Fig. 5A) , the imbibition front (Fig. 5B) , and the drainage front and rough channel surface (Fig. 5C ). The forces shown in Fig. 5 include colloid forces between the colloid and the channel wall (PMMA), F col , the drag force imposed by the AWI movement, F D , and the surface tension (capillary) force, F s .
The force between the colloids and the PMMA surface was estimated similar to colloid-AWI interactions (Lazouskaya and Jin, 2008) . Only Derjaguin-Landau-Verwey-Overbeek (DLVO; Derjaguin and Landau, 1941; Verwey and Overbeek, 1948) forces, electrostatic and van der Waals, were included, however, because the hydrophobic force was found to be unimportant under the current conditions. While the exact surface potential value of PMMA is not known, it was assumed to be −25 mV (Lubeck et al., 2003) , and the total colloid interaction force was determined to be on the order of 10 −10 N or smaller. Experimental observations (e.g., Cases ii and iii) suggest secondary-minimum retention as the probable retention mechanism on the wall. This could not be proved by DLVO calculations, however, which could be due to uncertainty in the PMMA surface potential.
The drag force in the y direction, F D = 6pmrv front , where v front is the AWI velocity, was determined to be on the order of 10 −14 N. Also, drag forces on colloid detachment were trivial compared with other forces, as reported previously (Gómez Suárez et al., 1999a; Shang et al., 2008) . A transverse component (directed toward the channel center) of the drag force due to the flow field (Fig. 2) , which could contribute to colloid mobilization by the drainage front, was not considered in Fig. 5 .
The maximum surface tension force in the z and y directions, illustrated in Fig. 5A (drainage front) and 5B (imbibition front), can be determined as (Leenaars, 1988; Noordmans et al., 1997) Drainage front:
Imbibition front:
where s is the surface tension, q is the colloid contact angle, and j is the receding (drainage front) or advancing (imbibition front) contact angle of the channel wall. Using the values in Table 1 , surface tension force components F s z and F s y were determined as −6.6 ´ 10 −8 and −8.6 ´ 10 −8 N, respectively, for a drainage front, and 6.5 ´ 10 −10 and 3.3 ´ 10 −9 N, respectively, for an imbibition front. In both configurations, the surface tension force dominates colloid and drag forces. In particular, the y component of the surface tension force dominates all other forces in the (negative) y direction, explaining the observed shifting of the particle along the channel surface (Case ii).
Colloid transfer from the contact line to the AWI (Case i) cannot be predicted from the analysis above ( Fig. 5A and 5B) due to the absence of a governing repulsive force in the z direction. At the same time, surface irregularities may result in regions of lower adhesion than predicted theoretically (Bowen and Doneva, 2002; Butt et al., 2005) . Therefore, transfer to the AWI will occur when colloid forces are too weak to maintain colloid attachment to the wall and are unable to resist hydrodynamic disturbances.
Although an accurate description of hydrodynamics in the contact line region has not yet been achieved, there have been reports of a rolling motion in close proximity to an advancing interface (e.g., Dussan, 1979; de Gennes, 1985; Pismen, 2002) . The mobile surfactant-free AWI (and therefore colloids on the contact line) is susceptible to any hydrodynamic disturbance (Roizard et al., 1999) . Therefore, the dominant surface tension force and complex flow field close to the contact line (Fig. 2) , coupled with weaker adhesion to the channel wall, are the plausible causes for the observed colloid mobilization with a moving front (Fig. 5C ). (This process is illustrated in Supplemental Movie 4). , and surface tension force (F s ) acting on a particle interacting with (A) a drainage front (contact angle j = 53°, receding), (B) an imbibition front (j = 79°, advancing), and (C) a drainage front, illustrated with a possible mechanism of colloid mobilization. The horizontal arrow at the top part of each part indicates the direction of the air-water interface (AWI) movement.
The prerequisite for Cases i and ii is a sufficiently strong attachment of a colloid to the PMMA wall to allow formation of a three-phase contact on a colloid. When colloid-PMMA interactions are not strong enough, repulsive forces between colloids and the AWI will cause mobilization of attached colloids from the wall back into the bulk flow, as observed (Case iii). Regarding Case iv, the stable colloid attachment on the wall probably occurred in the primary energy minimum.
Efficiency of Colloid Mobilization and Transport with Moving Front
Colloids attached to the AWI can be transported along the channel for long times (at least 45 min as experimentally observed) with both drainage and imbibition fronts. This form of transport can be limited, however, for a number of reasons including the finite area of the AWI available for carrying colloids and possible detachment of colloids from the front during its movement.
For the drainage front, no detachment of colloids (i.e., redeposition to the wall or return to the solution) was observed from the front. Due to the presence of residual saturation in the corners, however, colloids at the AWI could be advected there and transported into the corner (Fig. 3, Position 2 ). As shown with the streamlines in Fig. 2B , flow in the corners occurs in the direction opposite to the front movement. Further colloid behavior in the corners includes retention on the contact line (e.g., Fig. 3 , Position 1), retention in the corner as a result of drying (Fig. 3 , Position 4), and remobilization following an imbibition event (e.g., Auset et al., 2005) . Despite these limitations due to residual saturation, transport with the drainage front under the investigated conditions is a feasible mechanism. (Colloid mobilization and transport with the AWI can be viewed in Supplemental Movie 5 and Movie 6, showing increasing colloid concentration at the moving AWI with time).
Colloid redeposition from the front to the channel wall was a common feature observed for imbibition. This difference from the drainage front can be explained by comparing the surface tension forces acting on colloids in Fig. 5A and 5B. The components of the surface tension force for an imbibition front are weaker than for a drainage front in both z and y directions and are similar to the colloid force in the z direction. The observation of the flow field near the AWI (Fig. 2 ) also supports higher mobilization with the drainage front: the relative transverse flow in the liquid phase for a drainage front is directed from the wall to the center and contributes to colloid detachment while it is opposite for an imbibition front.
It should be noted, however, that direct comparison of colloid mobilization and transport between drainage and imbibition fronts is not possible due to unequal initial conditions: the drainage front interacts with a greater number of colloids deposited in the liquid phase while the imbibition front interacts with fewer colloids previously deposited and left on the surface after drainage (interaction in the air phase). Also, it is important to emphasize that colloid and surface contact angles serve as variables in Eq.
[1-4] and therefore can affect the value and direction of the surface tension force and overall force balance in each particular situation. Therefore, the mobilization efficiency of the drainage and imbibition fronts will differ for different colloid and surface properties.
Another scenario of imbibition front behavior, which was not considered in this study, includes imbibition front movement in a previously wet channel. Hydrophilic porous media will commonly have a thin film of water on the grain surfaces. While surface tension forces play a similar role as in initially dry channels, mobilization of colloids previously retained in regions of residual saturation and liquid films will occur with the imbibition front and may be considerable (Saiers and Lenhart, 2003; Auset et al., 2005; Shang et al., 2008) . Our observations, which are specific for these experimental conditions, do not indicate a strong effect of residual thin films on colloid mobilization with a drainage front; however, the presence of residual films, their thickness, and colloid size need to be considered in assessing colloid mobilization under different conditions.
Summary and Conclusions
We investigated mechanisms of colloid retention and mobilization associated with imbibition and drainage fronts by direct observation of colloid behavior in the vicinity of a moving AWI and contact line at the interface or pore scale. Processes similar to those observed in this study can also take place in unsaturated porous media. The complex flow pattern observed in the proximity of the AWI in a trapezoidal channel can be extended to other angular channel geometries, including irregular soil capillaries. Both experimental results and theoretical analyses showed that retention of dispersed colloids at the AWI under the investigated conditions is unlikely. Retention of dispersed colloids can occur on the contact line (in particular, for an imbibition front at low velocities) and in angular corners of capillaries.
The key contribution of a moving contact line to colloid transport is mobilization of attached colloids, which can transfer to the AWI, where they are retained and further transported. Overall, mobilization and transport efficiency of imbibition or drainage fronts can be affected by colloid and surface contact angles and the initial number of colloids available for mobilization. In addition, the presence of residual water films may also affect mobilization, but this phenomenon was not investigated in this work.
Due to the potentially high AWI area associated with moving fronts, the roles of moving contact lines and AWIs in colloid mobilization and transport should be considered in future experimental work and in modeling colloid transport under transient unsaturated conditions.
Force Formulation for Equation of Colloid Motion
The equation of motion for a colloid approaching an AWI includes the hydrodynamic drag force, the force of Brownian motion, the net gravity force, and colloid forces between a particle and the AWI. The equation can be written as (Nguyen and Schulze, 2004; Johnson et al., 2007) 
where the first term on the right-hand side is the added-mass term, D F  is the drag force, Br F  is the force due to Brownian diffusion, G F  is the net gravity force, and col F  represents colloid forces including electrostatic (F el ), van der Waals (F vdW ), and hydrophobic (F h ) forces, which are calculated according to the extended DLVO theory (Derjaguin and Landau, 1941; Verwey and Overbeek, 1948; Yoon and Mao, 1996) ; m is the particle mass, m f is mass of the fluid, the volume of which equals the volume of the particle, and v  is the particle velocity. Figure A1 illustrates a colloid approaching the AWI and the normal and tangential directions relative to the AWI (Spielman and Goren, 1970) .
In the normal direction, a drag force F D n emerges due to the difference in colloid and fluid velocities near the AWI and can be determined by superposition of the two cases, i.e., a moving colloid in quiescent fluid and a stationary colloid in undisturbed flow normal to the AWI:
where (v n − v front cosa) and (u n − v front cosa) are colloid and fluid relative velocities in the normal direction, respectively; F 1 and F 2 are universal hydrodynamic functions of the dimensionless separation H between the particle and the surface (AWI). Functions F 1 and F 2 have been obtained by Brenner (1961) and by Goren and O'Neill (1971) , respectively, to account for short-range hydrodynamic interactions close to a surface (wall). Function F 1 can be specified as a ratio of the particle velocity under an applied force (normal to the collector) to the particle velocity under the same force away from the collector (Spielman, 1977) and F 2 as a ratio of the force exerted by the flow at the particle (normal to the collector) to the force exerted on the particle in a uniform flow away from the collector (Spielman, 1977; Russel et al., 1989) . In this study, approximate expressions for F 1 and F 2 provided by Warszynski (2000) were used, which are expressed as Expressions for colloid forces F col = F el + F vdW + F h (acting in the normal direction) were obtained by differentiating the previously used energy expressions (e.g., Lazouskaya et al., 2006; Lazouskaya and Jin, 2008) as F = −(dV/dh), where V is the interaction energy.
The gravity force G F  acts in the z direction (perpendicular to the observed area in Fig. A1 ). Therefore, it does not contribute to colloid approach or attachment to the AWI in the experimental geometrical configuration (and can be regarded as "repulsive"). Moreover, the net gravity force, calculated as F G = (4/3)pr 3 (r − r f )g, where r is the colloid density, r f is the fluid density, and g is acceleration due to gravity, has a small value and can be neglected for 500-nm particles.
The force of Brownian motion has a random direction and value and can be modeled as a Gaussian white noise process (Kim and Zydney, 2004; Johnson et al., 2007; Gao et al., 2008) . The force of Brownian motion is expressed as F Br = dÖ(12pmrkT/Dt) in each spatial direction, where d denotes random numbers obeying a normal distribution (with zero mean and unit standard deviation) and Dt is the time step. The choice of Dt is made by accounting for the inertial response time (or momentum relaxation time) of the colloid, expressed as t p = 2rr 2 /9m (Kim and Zydney, 2004; Gao et al., 2008) . A time step larger than the inertial response time is usually used to neglect particle inertia (Maniero and Canu, 2006; Johnson et al., 2007) . In many practical problems, however, the time step needs to be adjusted to account for the important (e.g., scale-related) changes in the system (Maniero and Canu, 2006; Johnson et al., 2007) . In this study, the time step was taken as 6.4 ´ 10 −5 s, similar to that used by Gao et al. (2008) and Shi et al. (2010) , based on the similarity of colloid properties and flow velocity. Fig. A1 . Geometry of a colloid approaching the air-water interface (AWI); h is the separation distance, r is the colloid radius, a is the angle between the direction of colloid movement and the normal to the AWI, and n  and t  are the directions normal and tangential to the AWI .
Similarly, in the tangential direction, corrections to the hydrodynamic components are also necessary due to the collector proximity. Universal functions F 4 and F 3 in the tangential direction, analogous to functions F 1 and F 2 in the normal direction, were computed by Goren and O'Neill (1971) . The correction for colloid mobility F 1 (normal) is larger than F 4 (tangential), as is the wall effect in the normal direction (Warszynski, 2000) . Another difference from the normal case is that colloid forces do not operate in the tangential direction. Therefore, in this study we limited the estimate of forces and their comparison to the normal direction (Fig. 4) .
